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ABSTRACT

We report on improvement in stability of a new type of amorphous silicon films,
synthesized (growth rate > 0.1 nnvs) by driving the plasma condition close to the powder regime
(or “y-regime”) of rf PECVD. These films exhibit high mobility-lifetime products [(Ut)annid ~ 10
* em?IV, op/oq4 ~ 5-10x10% Ea = 0.7 - 0.9 eV ], compact network structure [Cy =~ 7 to 8 at%,
nanovoid density < 0.01 %, p = 2.23 + 0.01 gm/cm’], new features of optical properties and
density-of-state (DOS) above Er is significantly lower than that of state-of-the art films. The
kinetics of light-induced (AM 1.5) degradation of ut is very fast and saturated w7z ~ 10° cnf/V, a
value similar to that of conventional a-S:H films at annealed state. The improved stability of
“new” aS films, henceforth it will be denoted as “quasi-amorphous silicon (gm-Si) thin-
film”, will be correlated with its specific nanostructure.

INTRODUCTION

The improved stability of high H-diluted a-Si:H materials or protocrystalline Si films compared
to undiluted films convincingly demonstrates that microstructure of Si-Si network influencesina
complex way defect creation process during light-soaking [1, 2, 3]. In other words, light-induced
degradation (LID) is sensitivite to the details of Si-Si tetrahedral network structure, local small-
scale ordering in addition to bonded hydrogen content and concentration of polyhydride bonds
[(SiH2)n]. In this work, we report on another experimental evidence that how S-S network
structure in amorphous matrix is important in determining LID metastability of a-Si:H films.
These ‘new” type of amorphous silicon thin-film have been developed by running the plasma
condition close to powder regime (Y-regime) of radio frequency plasma-enhanced chemical
vapor deposition (rf PECVD) which exhibit significantly improved stability compared to state-
of-the-art a-Si:H films [4, 5, 6]. These films are amorphous and do not exhibit thickness
dependence phase transition (as it happensin high H-diluted films), however complimentary str-
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uctural characterization technique reveals its nanostructure, which is different from conventional
aSi:H films. In this work we shall illustrate how initial electronic properties and light-induced
degradation of a-Si:H can be improved by controlling its atomic-scale structure or nanostructure.

EXPERIMENTAL DETAILS

The films for this study have been prepared by radio frequency (13.56 MHz) plasma-
enhanced chemical vapor deposition (rf PECVD). The ratio of silane (SiH,) to helium (He) was
maintained such that the deposition rate was close to 1 A/s or higher. The chamber pressure (P,)
was varied from 500 to 2200 mTorr to run the plasma close to powder formation regime. The
plasma power and substrate temperature have been maintained at 15 mwW/cm? and 210C
respectively. The photoconductivity of gm-Si:H has been measured under 50 mW/cm?® white
light and the mobility-lifetime product (ut) has been estimated from D.C. photoconductivity
measured under 700 nm (through interference filter) illumination with a generation rate of 3x10™
cm?s’. The density-of-state of the samples has been studied by modulated photocurrent
experiments (MPC). Extensive characterization of Si-Si and Si-H network structure have been
carried out using infrared Fourier transform spectroscopy (FTIR), Raman Spectroscopy, UV-VIS
ellipsometry, SAXS, XRD and floatation density method. The light soaking study has been done
under 100 mW/cm? white light through IR filter. The temperature of the sample during light
soaking has been maintained at 45 - 50°C by air cooling.

RESULTS AND DISCUSSION

Fig.1 shows the variation of deposition rate (Rq) with chamber pressure (P;) during film
growth. The values of Rqremain almost congtant at 0.5 A/s with increasing P, from 500 to 1000
mTorr, however Ry suddenly enhanced by a factor of 2 (=1 A/s) as P; increases to 1400 mTorr
after that it increases monotonically with P.. This sudden increase of Ryisa signature of transiti-
on from o- to y-regime, to be precise y-regime of rf PECVD [8]. With change of plasma regime
the mechanism of energy transfer mechanism via eectron from plasma (rf generator) to the gas
precursors changes during the process of eectrical discharge of silane and helium mixture [9].
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The transition of plasma regime is also corroborated by the sudden (as expected) change in the
electronic properties of the resulting films at or greater than 1000 mTorr as shown in Fig. 2(b) &
3. The effect of chamber pressure (transition of plasma regime from o- to y) on electronic
properties and stability of a-Si:H films has also been reproduced in another reactor at Ecole
Polytechnique, where similar variation (factor of 2 to 3) of Ry accompanied by sudden increase
of peak-to-peak voltage at the powered electrode have been observed with chamber pressure
[10]. Phillips, UK also reported transition of plasma regime (o- to y-regime) of rf PECVD
accompanied by a sudden increase of Ry by afactor of 2'to 3 [11]. Fig. 2 displays the variation of
electronic properties of the films with chamber pressure (P,), i.e. transition of plasma regime (o
to 7). The electron mobility lifetime product (ut) increases from 10° cm?V to 10* cm?V as P,
increases from 1000 to 1400 mTorr. The dark conductivity (G4) remain almost constant (10™*°
S/cm) as P, increases from 500 to 1000 mTorr, however it suddenly increases to 10° S/cm as P;
exceeds 1000 mTorr. The dark conductivity activation energy varies 0.9t0 0.7 eV as 64 increases
from 10™° to 10° S'cm. The transmission measurement reveals a small reduction of optical gap,
which may cause increase of 64 (n ~ €9%T). The improvement of it can not be attributed to the
simple movement of Fermi level towards conduction band (Ec) since simultaneously hole
diffusion length (Lp) also increases with chamber pressure (P,). The value of Lp increases by
54%, as P; is varied 500 to 1800 mTorr. The improvement in electronic properties for P, > 1000
mTorr should have reflection in the density-of-state (DOS) of the films. In Fig. 3 the DOS above
Er estimated from Modulated Photocurrent experiment (MPC) at annealed state of the samples
has been plotted versus chamber pressure (P;). In the same plot MPC-DOS of a standard sample
is also shown. It may be noted from the figure that MPC-DOS above Eg systematically decreases
as Pr increases from 500 to 1800 mTorr, then DOS starts increasing again for P, > 1800 mTorr.
MPC-DOS as low as 5x10* cm®eV™? for Ec - Er = 0.5 eV has been observed for samples
prepared with P, = 1800 mTorr. Thisis the lowest reported DOS at Ec - E- = 0.5 eV for a-Si:H
films. The kinetics of light-induced degradation of pt of these films, as shown in Fig. 4. The
values of ut of gm-Si films degrade very fast and tend to saturate at ut ~ 10° cm?V. The
saturation occurs in the time scale of 20 to 30 hrs compared to more than 600 hrs for standard H-
diluted samples. Thus, not only kinetics is very fast but also saturated values of put of gm-Si:H
films is similar to that of conventional a-Si:H at annealed state. The improved stability is most
likely related to its microstructure. The FTIR measurement show that gm-Si films have much lo-
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Fig. 4ac Experimental and simulated data of Fig. 4b: Experimental and simulated data of
gpectral dependence of dielectric function of didectric function (1 & &) versus
(€1 & &) of sample P2 (1000 mT). photon energy (< 1.8 eV) of sample P2.

wer bonded H-content (6 to 8 at%) compared to that (12 to 15 at%) of standard a-Si:H and Si-H
bond of gm-Si films appears at 2010 cm™ instead of 2000 cm™ [4]. The new features of the
network structure in gm-S films is aso observed in optical transmission measurement, the
(oehv)Y2 vs. hv curve (Tau's plot) for this series of samples is not a straight-line, rather data of
(ahv)Y® vs. hv plot appear in straight-line indicating subtle difference in the optical properties of
gm-Si films compared to conventional a-Si:H films. The spectral dependence of dielectric
function of gm-Si films (measured by UV-VIS dlipsometry) exhibit characteristic
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peak at 3.5 eV with no signature of peak at 4.2 eV (corresponds to c-Si). We studied samples
having thickness ranging from 0.5 to 2.5 um on glass substrates, in al cases we observed one
peak at 3.5 eV, i.e. there is no thickness dependence phase transition (a—uc) which is a
characterigtic feature of high H-diluted films or protocrystalline silicon thin-film[11]. Thus even
thick film (2 - 4 wm) gm-Si film is amorphous-like. The detailed analysis of ellipsometric spectra
provides further insight about the optical properties of gm-S films. Fig. 4a shows a typical
variation (experimental) of the dielectric function of gm-S films (P2) with photon energy.
Assuming effective-medium (E-M) theory (a-Si:H is composed of aS and void), the
experimental data of Fig. 4a can not be ssimulated as routinely done for conventional a-Si:H.
However when a crystalline silicon component is introduced in addition to aSi and void in the
first 175 nm layer (total thickness = 417 nm), then the smulated curve exactly reproduced
experimental data even interference fringes at the low energy portion of the spectrum as shown
in Fig. 4a & 4b. In other words, to reproduce the experimental data, an adhoc assumption is
required that initial half of the film thickness contains crystallites which physically sounds
puzzling since the presence of crystalline phase in these materials could not be proved
convincingly by any standard techniques. In this situation, we can only comment that optical
properties of gm-S:H is different from conventional a-S:H films.

Fig 5 displays the XRD pattern of gm-Si:H films deposited with different chamber pressure (P;).
The XRD pattern shows that al the samples are amorphous and the full-width-half-maximum
(FWHM) of the first scattering peak (FSP) remain aimost same (5.4 = 0.1 degrees) irrespective
of chamber pressure. It should be mentioned that there is additional line broadening (FWHM)
due to Al-substrates, i.e. FWHM of FSP of all samples would be lower if the samples were on
glass substrates. Even FWHM of FSP of gm-Si:H films on Al-substrate is comparable to that of
high H-diluted materials of USSC and hot-wire CVD films of NREL [12]. The improved
electronic properties, stability (ut ~ 10° cm?V) and DOS above Er of gm-Si films are possibly
linked with the improvement of its tetrahedral Si-Si network structure as evidenced from narrow
FSP and nanocrystalline-like optical properties. Further evidence on nanostructural improvement
of gm-Si has been obtained from SAXS and floatation density measurements. Fig. 6 shows the
variation of SAXS signal with scattering angle (g=2rn6/A) for gm-Si samples prepared with
different chamber pressure. The SAXS intensity for all samples is very weak above g = 1 nm™
and is independent of g in this range. However there are step rise at low q as characterize by the
“A" parameter (coefficienct of g term) [12], indicating different amounts of some large-scale
microstructue (> 20 nm). This large-scale structure has some orientation since “A” parameter
decreases significantly upon tilting to 45 at low g (sample P4) as shown in the inset of Fig. 6.
The large-scale feature systematically decrease with increasing chamber pressure, indicating
homogeneity in the film improves with increasing P.. For all samples there is no detectable
nanostructural SAXS (|Ng’ so the integrated intensity due to such features (Qy) is estimated to be
less than 2 E22 eu/cm® which corresponds to 0.01 vol% nanovoids (detection limit). The
mechanical density (p) for all the samples (PO to P5) is nearly constant at 2.23 + 0.01 gm/cm®
consistent with no difference in nanovoid fractions among the samples. The value of Qy even
for sample PO (500 mTorr) is similar to high H-diluted a-Si:H of USSC samples, SAXS signal is
only dueto large-scale structure [12], so Qn of higher chamber pressure (> 1000 mTor) sampleis
expected to be still lower. Therefore the improved stability /(u7)s ~ 10° cn/V ], fast kinetics of
degradation and significantly lower DOS above Er, al are as aresult of improved local ordering
in Si-Si network structure (low FSP) and reduction of macroscopic defects of gm-Si films.
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CONCLUSIONS

We demonstrated that amorphous silicon thin-film synthesized by running the plasma close to
powder regime (P = 500 to 2200 mTorr) of rf PECVD (called “y-regime”) exhibits high initial
(10* cm?V) and stabilized (10° cm?%V) mobility-lifetime products and very fast kinetics of
light-induced degradation. It is a second generation of amorphous silicon thin-film and we call it
“quasi-amor phous silicon (gm-Si) thin-film”. The optical properties of gm-Si are different
from that of conventional a-Si:H films. The lower DOS above Er and improved metastability and
fast kinetics of gm-Si:H films possibly linked with its improved local ordering of Si-Si
tetrahedral network structure and low nanostructural defects as evidenced by XRD and SAXS.
The advantage of gm-S films over high H-diluted or protocrystalline silicon thin filmsis that the
growth rate of gm-S filmsis 1 A/sor more and it be increased even higher.
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